ABSTRACT This paper proposes an alterable weight minimum spanning tree (AW-MST) method to plan electrical collector systems (ECSs) in tidal current generation farms (TCGFs) toward economic objectives. First, a sector-division-based fuzzy c-means (FCM) grouping algorithm is proposed. The tidal current turbines (TCTs) in the TCGF are divided into several sectors by the improved FCM algorithm to relieve the computational burden. Meanwhile, trans-region crossings and overloads of submarine cables can be simultaneously avoided. Second, an ECS planning model is established which fully considers the tidal current velocity (TCV) characteristics and ECS investment and operating costs. Since the variable factors cannot be considered by the common minimum spanning tree algorithms, alterable weights are used in the AW-MST to optimize the variable factors, including power losses and cable types. Finally, the two different TCGFs and the measured TCV datasets collected from North of Orkney, Scotland, were used to verify the effectiveness and adaptability of the proposed method.
I. INTRODUCTION
The tidal current generation (TCG) technique transfers the kinetics of tidal current to electricity energy. As advantages, TCG provides higher energy density and is more predictable than other renewable energies [1] , [2] . A number of tidal current generation farms (TCGFs) in different countries, such as Britain and Canada, are in commercial operation. Some organizations, e.g., the EU and the US Department of Energy (DOE), have launched various projects and research funds to support TCG development [3] .
An electrical collector system (ECS) is a fundamental part of TCGF and is composed of submarine cables, transformers, switches, etc. The energy generated by tidal current
The associate editor coordinating the review of this manuscript and approving it for publication was Guido Carpinelli. turbines (TCTs) needs to be collected and transmitted to onshore grids by the ECS. The cost of an ECS accounts for approximately one fifth of the total cost of a TCGF [4] . The establishment and maintenance of submarine cables are difficult because a large amount of cables are permanently buried under the seabed. Consequently, a well-planed ECS is crucial to the reliability and profitability of a TCGF.
In practice, two key issues should be particularly considered in ECS planning: ECS topology and submarine cable selection. Radial topology is commonly used as it is economical and easy to construct and operate. However, the trans-region crossings of submarine cables are difficult to avoid, which may cause thermal aging at cable crossing points and damage submarine cable insulation [5] . In addition, submarine cable types should be coordinately selected to eliminate cable overload and reduce the ECS operating cost.
There is few research on ECS planning for TCGF. The methods of ECS planning for offshore wind farm, whose main question is routing planning likewise, are reviewed as follows. Notably, the capacities and distances are quite different between TCTs and wind turbines. Consequently, the following methods cannot be directly applied in TCGF.
Existing studies have shown that the computational burden of ECS planning will be exponentially increased with the number of TCTs [6] . It is a great challenge faced by ECSs planning for TCGFs. For an affordable computational time and avoiding trans-region crossings of submarine cables, it is necessary to group the TCTs before designing the ECS topology and selecting cable types.
In the literature, few research works have been reported for the grouping methods for ECSs. The multiple travelling salesman problem (MTSP) is used to model the ECS planning problem in [7] and [8] and the turbines are grouped by intelligence algorithms. However, these grouping methods are merely based on mathematical theory and the geographical location of each turbine is ignored. Accordingly, cable transregion crossings might be created.
Recent works concerning ECS topology and submarine cable selection can be classified into two categories. One is the optimization-model-based method [9] - [12] , where the cable investment and construction costs, and the constraints of the maximum power transmitted on cables and the power substation, are always contained in the models. However, the power loss cost and cable crossing limit are difficult to model in nearly all the models, and such approaches have a heavy computational burden owing to the large quantities of discrete and continuous variables involved. To enhance the solution efficiency, the graph-theory-based methods including the dynamic minimum spanning tree (DMST) are used in [13] and [14] . The investment of cable is regarded as the weight of each edge, and the weights of the connected edges can be dynamically adjusted when new vertices are connected. However, the power loss cost cannot be optimized by the DMST and an unreasonable ECS might be created.
To summarize, there have been few investigations of the following aspects in the existing literature:
1) The grouping methods can hardly simultaneously avoid the overloads and trans-region crossings of cables. 2) The power loss cost of the ECS is not considered in the graph-theory-based planning methods and the ECS benefit cannot be ensured.
To solve the aforementioned problems, an alterable weight minimum spanning tree (AW-MST) planning method is proposed in this paper. The main contributions are listed as follows:
1) A sector-division-based FCM grouping method is proposed. A new grouping criterion and a regulatory mechanism are developed to modify the FCM. Trans-region crossings and overloads of submarine cables can be simultaneously avoided.
2) The AW-MST planning method for ECS is established to consider the variable ECS factors. The cable investment and operating costs are considered as the alterable weight in each edge, which can be altered to ensure the profitability of large TCGFs. The remainder of this paper is arranged as follows. The sector-division-based FCM grouping method is proposed in Section II. The AW-MST method is developed in Section III. Case studies are provided in Section IV and conclusions are drawn in Section V.
II. SECTOR-DIVISION-BASED FCM GROUPING METHOD
To reduce the dimension of the planning model and the operation risks of ECS, FCM is used to group the TCTs because its clustering results are hardly affected by the initial cluster centers. In this paper, FCM is modified by changing the cluster criterion and adding a regulatory mechanism to improve its performance as described in this section.
A. BASIC FUZZY C-MEANS ALGORITHM
The FCM algorithm developed by Dunn and Bezdek is a wellknown and widely used fuzzy clustering algorithm. Unlike the hard classification algorithms, such as the k-means clustering algorithm, FCM is a soft classification method based on fuzzy set theory. Therefore, it allows a sample point in the population to belong to more than one category, which properly reflects the natural law [15] .
The sample points are clustered based on the objective function consisting of norms and memberships. The objective function J is shown as (1) as follows:
where c and N are the amount of cluster centers and sample points, respectively. U = {µ ij } c×N is the membership matrix and, µ ij Pis the membership that denotes the possibility of the ith sample point belonging to the jth cluster center. V = {v 1 , v 2 , . . . , v j , . . . , v c } s×c is the matrix consisting of c cluster center vectors with s dimensions. x i and v j are the coordinates of the ith sample point and the jth cluster center, respectively. m is the fuzziness index and m > 1.
The clustering model should satisfy the constraints (2)-(3) to minimize the objective function and both constraints force the memberships to obey the rules of probability.
c j=1
B. SECTOR-DIVISION-BASED FCM GROUPING METHOD
The distance between each sample point and each cluster center is regarded as the cluster criterion of classical FCM. In other words, ||x i -v j || in (1) represents the Euclidean distance in the Cartesian Coordinate System (CCS). Quantities of clustering problems can be solved using the classical FCM.
However, trans-region crossings of submarine cables may be created in the ECS because the relative positions of the power substation and TCTs cannot be considered using the classical FCM. In addition, the amount of TCTs in each group cannot be limited using the classical FCM. If there are groups exceeding the upper bound, the number of groups has to be increased until the violation is eliminated. Consequently, the TCTs cannot be divided by the optimal number of groups.
Based on the aforementioned analysis, a sector-divisionbased FCM grouping method is proposed and two modifications are listed as follows:
1) The radial lines are used as a cluster center instead of centroids and the TCTs are segmented into sector regions based on an angle rather than a distance. 2) A regulatory mechanism is applied to adjust the grouping results. First, the angles used in the modified clustering algorithm are defined. The position of the power substation is taken as the origin point in an established CCS. θ i is defined as the angle of the ith TCT and θ i equals the angle between the positive x-axis and the connection line of the ith TCT with the origin point, where i = 1, 2, . . . , N and N is the number of TCTs in the TCGF. The cluster center is a radial line starting from the origin point and the angle of the jth line ϕ j is defined as the angle between the cluster centerline and the positive x-axis, where j = 1, 2, . . . , c and c is the number of groups.
The relative position of each TCT and substation is difficult to model using the classical FCM because the centroids are the cluster centers. Therefore, some groups may become an obstacle between other groups and the substation; thus, trans-region crossings are created. In contrast, the TCTs are clustered to encompass the cluster centerlines using the sector-division-based FCM, and the planned region is divided into several sectors to avoid blockage between groups. The two cases are shown in Fig. 1 , where the diamonds and circles are TCTs and substations, respectively. Crosses and dotted dashed lines are the cluster centroids and cluster centerlines, respectively. The solid and dashed lines denote the submarine cable routings and the boundaries between groups, respectively.
The objective function J of the sector-division-based FCM algorithm is modeled as (4) as follows:
where = {ϕ 1 , ϕ 2 , . . . , ϕ j , . . . , ϕ c } 1×c is the set of the angles of the cluster centerlines. c is determined by the total number of TCTs and the maximum carrying capacity of the alternative submarine cables. Obviously, the memberships should still satisfy constraints (2)-(3).
All the memberships are solved by (4) and each TCT is distributed into the group with the maximum membership. If the amount of TCTs in each group is not limited, the submarine cables may overload under high tidal current velocity (TCV) and the ECS operational security cannot be ensured. Therefore, a regulatory mechanism is designed to adjust the grouping result. The number of TCTs in each group needs to be examined after grouping. If the jth group surpasses the upper bound of the number of TCTs n max , the TCTs in the group should first be sorted by the membership. Then, the (n j -n max ) TCTs with smaller memberships will be reallocated to groups with secondary maximum memberships. The adjustment is repeated until the overlimit disappears.
III. ELECTRICAL COLLECTOR SYSTEM PLANNING MODEL AND SOLUTION ALGORITHM
The cost of the ECS accounts for a considerable proportion in a TCGF. To enhance the profitability of TCGFs, an ECS planning model for grouped large TCGFs is established in this section. The characteristics of a TCT's output, the ECS cable investment and operating costs, and operational security requirements are all considered in the model. To optimize the variable factors, for example, the power loss cost and cable type selection, and eliminate submarine cable crossings, the planning model is abstracted as a graph-theory problem and the AW-MST algorithm is proposed to solve the model.
A. PROBABILISTIC MODEL OF TCT POWER OUTPUT
The power output of a TCV is highly stochastic and uncertain, which can also significantly impact power losses on the submarine cables [16] . To decrease the annual power loss as possible, the TCT's power output should be precisely estimated by a probabilistic model. A histogram is a simple and effective tool of probability assessment and is applied to evaluate the probability distribution of a TCT's output. The number of blocks in the histogram can be determined using Sturges' equation in [17] .
The output of a TCT under each certain TCV can be calculated by (5) as follows:
where P t is the tth typical output of a TCT at a velocity v t (t = 1, 2, . . . , N t , where N t is the total number of typical outputs). v in , v rated and v out are the cut-in, rated and cut-out velocities of a TCT, respectively. C p and P rated denote the power capture coefficient and rated power of a TCT, respectively. ρ represents the density of the seawater. A 0 is the swept area of a TCT's blades.
B. ELECTRICAL COLLECTOR SYSTEM PLANNING MODEL
The submarine cable investment and trenching and power loss costs are all quantified in the planning model and are minimized as the objective function. To ensure operational security, the power transmitted along each submarine cable and the voltage drops are limited. The planning model is shown as (6)- (9) as follows:
min F = C cable + C loss + C trench (6) subject to P kjt ≤ P kj,max
U kjt ≤ U max (8)
where C cable , C loss and C trench are the annual equivalent costs of submarine cable investment, power loss and trenching, respectively. P kjt denotes the power transmitted on the kth of the jth group under the tth typical output of the TCTs (k = 1, 2, . . . , N kj , and N kj is the number of cables in the jth group) and is determined by the actual power output and number of TCTs' power injected into the cable. P kj , max is the upper bound of the power through the kth cable of the jth group. U kjt is the voltage drop on the kth cable of the jth group under the tth output level and U max is the maximum voltage drop of the ECS. N j is the number of TCTs of the jth group. Constraints (7)-(8) limit the power and voltage drop on each submarine cable to consider operational security. The number of submarine cables in each group is restricted to ensure the radial topology of ECS by (9) .
Each part of the objective function can be calculated by (10)- (12) as follows: 
where c e and r e are the investment cost and resistance of the unit length of the eth type of submarine cable (e = 1, 2, . . . , N e , where N e is the number of submarine cable types), respectively. L kj is the length of the kth submarine cable of the jth group. c pl and c t are the unit costs of power losses and trenching, respectively. U rated is the rated ECS voltage. p t is the probability of the tth typical output. d is the discount rate and l is the economic life of the equipment.
C. ALTERABLE WEIGHT MINIMUM SPANNING TREE ALGORITHM
The aim of the proposed model described in Section III-B is to design the submarine cable routings at a minimum cost, similar to the purpose of the minimum spanning tree (MST) problem. The Prim and Kruskal algorithms are widely used to search for a routing with a minimum total weight [18] . However, the length of the edge is the only factor considered in the weight of the aforementioned algorithms and it is difficult to incorporate the variable factors into the weight. Although the DMST algorithms proposed in [13] and [14] can adjust the submarine cable types when the TCTs are linked in the network, the power loss of the submarine cables is ignored. Based on the ECS planning model, the AW-MST algorithm is proposed. All the costs in (6) are included in the weight of each edge to fully consider the influence of each cost on the planning. The main difficulty is that the active power distribution and submarine cable types will change when the TCTs are linked in and this cannot be solved by the ordinary algorithms of MST problems. Consequently, alterable weights are introduced for the linked and candidate lines, and the weights should be altered according to the cable types and power losses. The AW-MST processes are introduced as follows.
First, the nodes in each group are numbered. The power substation is set as 1 and the TCTs as 2∼ M (M is the total number of the nodes of the corresponding group). Three sets and four matrixes need to be initialized. Notably, Matrix I-IV are M × M and all are initially zero matrixes.
Set A: Contains the nodes which have been added in the ECS and its initial state is null.
Set B: Containing the nodes that have not yet been added in the ECS and it includes all of the nodes at the beginning.
Set C: The set of cable types numbered from 1 to N e in ascending order of current carrying capacity.
Matrix I: This matrix stores the annual equivalent investment of each cable linked between the two nodes corresponding to the serial number of the row and column.
Matrix II: This matrix stores the annual power loss costs of corresponding cables.
Matrix III: This matrix stores the annual equivalent trenching costs of the corresponding cables.
Matrix IV: This matrix contains the alterable weights of the candidate edges.
Second, the ECS with a minimum total cost of each group can be searched using the following steps. step 1. Take node 1 as the root node of the ECS and move it fromSet B to Set A. step 2. Choose the starting node of the candidate edge from Set B and the terminal node fromSet A and find all of the combinations of starting nodes and terminal nodes. (10)- (12), respectively.
By the alterable weight of the candidate edge in Step 6 and the alterable weight of the linked edge in Step 8, the variable power loss and cable types can be considered and simultaneously optimized using AW-MST.
The overall procedures of the proposed ECS planning method are illustrated in the flowchart in Fig. 2 . 
IV. CASE STUDIES
To verify the effectiveness and adaptability of the proposed ECS planning method, the measured TCV data and two TCGFs with different TCT quantities and micro-siting densities were designed to test the proposed method.
A. DATA AND TEST SYSTEMS
TCGF A with 80 TCTs [19] and TCGF B with 100 TCTs [20] were selected and simulated as described in this section; the distances between the TCTs were adjusted in a proper proportion based on the TCT capacity. Considering the work amount and the total capacity of the offshore substation [21] , only one substation is installed in the middle of a TCGF. The TCV data were collected from the North of Orkney in Scotland [22] . The probability distribution of a TCT's power output based on TCV data is shown in Fig. 3 .
The unit costs of power loss and submarine cable trenching are 0.52 $/kWh and 50 $/m, respectively. The v in , v rated and v out of a TCT are 0.7 m/s, 3.0 m/s and 5.0 m/s, respectively. The diameter of a TCT's blade is 18 m and its power capture coefficient is 0.45 [23] . The rated power and rated voltage of a TCT is 1500 kW and 33 kV, respectively [24] . The discount rate is 3% and the economic life of the equipment is 20 years. The parameters of the alternative submarine cables are shown in Table 1 [25] .
B. SIMULATION AND COMPARISON OF TCGF A
To verify the effectiveness of the sector-division-based FCM grouping method and AW-MST algorithm, four cases were compared based on the micro-siting of TCGF A and the parameters described in Section IV-A. case 1 The ECS is designed using the proposed method of this paper. case 2 The TCTs in the TCGF are first grouped using the classical FCM algorithm described in Section II-A and the ECS topology is derived using the Prim algorithm aiming at the shortest submarine cable routing. case 3 The TCTs are grouped using the sector-divisionbased FCM algorithm and the DMST presented in [14] is used to plan the ECS with a minimum investment in submarine cables. case 4 The modified GA for the MTSP in [7] is applied to minimize the costs of submarine cable investment and construction. The ECS topologies and submarine cable types of the different cases are shown in Fig. 4 , where the squares denote the TCTs and the crossing circles the power substations. The dashed boxes denote the crossings or overlaps between submarine cables. The different colors of the lines are different cable types and the legends of the cable types correspond to the submarine cable types in Table 1 . The simulation results including the number of groups and the costs described by (6) and (10)- (12) are provided in Table 2 and the last row of the table is the increments of the total costs of Cases 2-4 compared to that under Case 1. Notably, the costs of the TCTs and power substation are ignored because their positions are fixed.
It can be observed from Fig. 4 that radial topology can be ensured in Cases 1-4. However, numerous trans-region crossings are created in Cases 2 and 4. The schemes confirm that the blockages between different groups in Fig. 1 -a appear when the TCTs are grouped using classical FCM or GA.
The total costs of Cases 2-4 in Table 2 are increased by 12.37%, 8.74% and 58.52%, respectively, compared to that of Case 1. The main reason is that the ECS power loss cost is considered using the alterable weight via the AW-MST and the cable routing with a minimum weight is added into the ECS. Although the total length of the submarine cables slightly decreases by pursuing the minimum length in Case 2, the increment of the sum of the submarine cable investment and energy loss costs (greater than 19% compared to Case 1) impacts the planning scheme profitability. Regarding the DMST developed in [14] , the cable investment is dynamically optimized and the economy of the cable cost is guaranteed to some extent. Unfortunately, the power loss of Case 3 increases by greater than 20%, emphasizing the significance of the power loss cost in ECS planning. Apparently, a substantial increase in the total cost in Case 4 is created by the series linkage of the TCTs and the unreasonable topology largely increases the cable investment and power losses.
C. SIMULATION AND COMPARISON OF TCGF B
To further test the adaptability and correctness of the proposed method, TCGF B with more TCTs and aligned micrositing was simulated as described in this section. Similarly, the measured TCV and parameters in Section IV-A were used. Cases 5-8 were developed and detailed as follows: case 5 The ECS planning scheme is derived using the proposed method of this paper. case 6 TCTs are grouped using classical FCM and linked by the Prim algorithm similar to Case 2. case 7 The proposed sector-division-based FCM grouping method and the DMST are used to plan TCGF B. That is, the method is the same as that under Case 3. case 8 The method in Case 4 is applied again to design the topology and cable types in TCGF B. The planning schemes of the different cases are shown in Fig. 5 and the legends of cable types are similar to those of Fig. 4 . The simulation results of the cases are listed in Table 3 The ECS planning is increasingly difficult when the number of TCTs increases. Consequently, the crossings and overlaps of the submarine cables occur more frequently in Cases 6 and 8. However, there is still no submarine cable crossings as shown in Fig. 5(a) , which again validates the significance of the sector-division-based grouping method in large TCGF planning.
In addition to the economic advantage of the proposed method demonstrated in Table 3 , it can also be observed from the table that the cables used in Case 6 are longer than those in Cases 5 and 7 on the premise that the minimum cable length is pursued by the Prim algorithm. According to the group numbers of Cases 5-8, two extra groups have to be created to avoid overloads. Therefore, a large amount of unnecessary cables are used, leading to higher cable investment and power losses. Therefore, a limitation of the number of TCTs in each group is important.
Based on the aforementioned analysis, it can be concluded that the sector-division-based FCM outperforms classical FCM.
In summary, owing to the proposed modification of the cluster criterion and regulatory mechanism in the grouping method, the submarine cable crossings and overloads are completely avoided. In addition, the ECS benefits can be ensured because the submarine cable investment and operating costs are quantified using the alterable weight of the AW-MST.
V. CONCLUSIONS
A new ECS planning method using the AW-MST for TCGFs is proposed in this paper. Submarine cable trans-region crossings and overloads can be avoided using the sectordivision-based FCM grouping method. The ECS benefit is ensured by considering the submarine cable investment and power loss costs using the alterable weight of the AW-MST. Two distinct large TCGFs combined with measured TCV data were simulated and analyzed. The effectiveness and adaptability of the proposed method were verified. The conclusions drawn from this study are as follows:
1) During the grouping stage, by considering the relative position between the TCTs and power substation and by dividing the TCTs into sector regions, one can avert trans-region crossings of submarine cables. 2) Considering the investment and power loss costs of ECS using the weight of the AW-MST and dynamically altering the weight when the TCTs are linked in can enhance ECS profitability.
